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ABSTRACT 

Rapid cycle DNA amplification was con- 
tinuously mom.,, > db) tiu > different fluo- 
rescence techniques. Fluorescence was 
monitored by(i) the double-strand-specific 
dye SYBR® Green I. (ii) a decrease in fluo- 
rescein quenching by rhodamtne after ex- 
onuclease cleavage of a dual-labeled hy- 
drolysis probe and (iii) resonance energy 
transfer of fluorescein to Cy5 ™ by adjacent 
ivl idizi • npt I v f Lt'ice data ac- 
quired once per cycle provides rapid ab- 
solute quantification of initial template 
copy number. The sensitivity of SYBR Green 
I detection is limited by nonspecific product 
formation. Use of a single exonuclease 
hydro!) > 1 1 rnvadjiice it hyl ridiza- 
Hon prunes oilers increasing Seeds of speci- 
ficity. In contrast to fluorescence measure- 
ment once per cycle, continuous monitoring 
throughout each cycle monitor* the temper- 
ature depend, n e <) (h • i enee. The cu- 
mulative, irreversible signal of hydrolysis 
probes con be distinguished cosily from the 
'emperature-depende.il, n ersibi, tgnal o, 
hybridization probes. By using SYBR Green 
I. product itciiuliir.il, on at alii , ind ei 
tension can be followed within each cycle. 
Substantial product-lo-producl annealing 
occurs during later amplification cycles, 
suggesting that product annealing is a ma- 
jor cause of the plateau effect. Continuous 
within-cycle monitoring allows rapid opti- 
-n <> f amp, I i !• ' na 

should be particularly useful in developing 
new, standardized clinical assays. 



INTRODUCTION 

Fluorescent probes can be used to 
detect and monitor in vitro DNA ampli- 
fication (14). Useful probes include 
double-stranded DNA (dsDNA)-specif- 
ic dyes and sequence-specific probes. 
With the intercalater ethidium bromide 
and ultraviolet illumination, red fluo- 
rescence increases after amplification 
in microcentrifuge tubes (3) or capillar- 
ies (22). Sequence-specific fluores- 
cence detection is possible with 
oligonucleotide probes. For example, 
dual-labeled fluorescein/rhodamine 
probes may be cleaved during poly- 
merase extension by 5'-exonuclease ac- 
tivity, separating the fluorophores and 
increasing the fluorescein/rhodamine 
fluorescence ratio (5,8,9). Alternately, 
"molecular beacons" have been de- 
scribed with a fluorogenic conforma- 
tional change when hybridized to their 
targets (7). 

Fluorescence can be measured after 
temperature cycling is complete, once 
per cycle as a monitor of product accu- 
mulation or continuously within each 
cycle. Sequence-specific methods (7- 
9) have been limited in the past to end- 
point analysis. The potential of once- 
per-cycle monitoring for quantification 
of initial template copy number was 
first suggested and developed by 
Higuchi ct al. using ethidium bromide 
(3,4). Fluorescence is acquired during 
the extension or combined annealing 
extension phase of each cycle and is re- 
lated to product concentration. A quan- 
titative assay for hepatitis C RNA using 
the intercalater YO-PRO-1™ has been 
reported (6). To date, continuous moni- 
toring of fluorescence within each cy- 
cle has found little use. Higuchi et al. 
continuously monitored amplification 
during 4-min temperature cycles using 
a 10-s integration time (3). An inverse 



correlation of ethidium fluorescence to 
temperature was noted, with product 
accumulation resulting in increased 
fluorescence during annealing/exten- 
sion. 

If fluorescence is continuously mon- 
itored within each temperature cycle, 
the hybridization of amplification prod- 
ucts and probes can be followed during 
amplification. With dsDNA dyes, prod- 
uct denaturation and reannealing can be 
monitored. With probes that change 
fluorescence upon hybridization, probe 
melting temperatures can be deter- 
mined. With rapid, homogeneous con- 
trol of sample temperature, the kinetics 
of hybridization can be followed. We 
have previously used capillaries and 
forced-air heating for precise tempera- 
ture control that allows 30 cycles in less 
than 15 min (18-22). By minimizing 
denaturation and annealing times, the 
specificity and yield of such "rapid cy- 
cle" amplifications are also improved 
(2, 12,15,1 6,20-22). In addition to facil- 
itating rapid heat transfer, glass capil- 
laries are optically clear and make nat- 
ural cuvettes for fluorescence analysis. 

Three different fluorescence tech- 
niques for following rapid cycle DNA 
amplification are studied here using in- 
strumentation described elsewhere 
(23). Instead of ethidium bromide, 
SYBR® Green 1 is used as a dsDNA- 
specific dye. A 5'-exonuclease probe is 
then compared to SYBR Green I moni- 
toring. Finally, a novel fluorescence 
scheme based on adjacent hybridiza- 
tion probes with resonance energy 
transfer from fluorescein to the cyanine 
dye Cy5™ (1 1) is demonstrated, Once- 
per-cycle monitoring of multiple sam- 
ples is a powerful quantitative tool. 
Continuous monitoring within the tem- 
perature cycles of DNA amplification 
can reveal the mechanism of probe flu- 
orescence, rapidly optimize tempera- 
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ture/time conditions and potentially 
even control temperature cycling para- 
meters. The melting and annealing of 
products and probes can be followed 
during amplification. 

MATERIALS AND METHODS 

DNA amplification was performed 
in 50 mM Tris-HCI, pH 8.5 (25 Q C), 3 
mM MgCI 2 , 500 p-g/mL bovine serum 
albumin, 0.5 [iM of each primer, 0.2 
mM of each deoxyribonucleoside tri- 
phosphate and 0.2 U of Taq DNA poly- 
merase per 5-uL sample, unless other- 
wise stated. Human genomic DNA 
(denatured for 1 min by boiling) or pu- 
rified amplification product was used 
as DNA template. Purified amplifica- 
tion product was obtained by phenol 
/chloroform extraction and ethanol pre- 



cipitation (17), followed by removal of 
primers by repeated washing through a 
Centricon® 30 microconcentrator (Am- 
icon, Beverly, MA, USA). Template 
concentrations were determined by ab- 
sorbance at 260 nm. ^260^280 ratios of 
templates were greater than 1.7. 

Primers were synthesized by stan- 
dard phosphoramidite chemistry (Gene 
Assembler* Plus; Pharmacia Biotech, 
Piscataway, NJ, USA). SYBR Green I 
was obtained from Molecular Probes 
(Eugene, OR, USA). The p-actin pri- 
mers and fluorescein'rhodamine dual 
probe were obtained from Perkin- 
Elmer (Norwalk, CT, USA). The hu- 
man p-globin primers RS42/KM29 
(536 bp) and PC03/PC04 (1 10 bp) have 
been described previously (19). The 
single-labeled probes 5'-CAAACAG- 
ACACCATGGTGCACCTGACTCC- 
TGAGGA-fluorcscein-3' and 5'-Cy5- 
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AAGTCTGCCGTTACTGCCCTGTG- 
GGGCAAG-phosphate-3' were syn- 
thesized using a fluorescein phospho- 
ramidite (Glen Research, Sterling, VA, 
USA), a Cy5™ phosphoramidite (Phar- 
macia Biotech) and a chemical phos- 
phorylation reagent (Glen Research). 
These adjacent probes hybridize inter- 
nal to the PC03/PC04 [J-globin primer 
pair on the same DNA strand and are 
separated by one base pair. Probes were 
purified by reverse-phase C-18 high- 
pressure liquid chromatography, and 
homogeneity was checked by polyacry- 
lamide gel electrophoresis and absor- 
bance (A 2( , 0 and the absorbance maxi- 
mum of the fluorophore). The p-actin 
hydrolysis probe and the (i-globin hy- 
bridization probes were used at 0.2 uM 
each. Figure 1 schematically compares 
the differences between the three fluo- 
rescence monitoring techniques: ds- 
DNA-specific dyes, hydrolysis probes 
and hybridization probes. 

Amplification samples of 5 uL were 
loaded into glass capillary tubes (1.02 
mm o.d., 0.56 mm i.d.) and sealed. The 
tubes were cleaned with optical-grade 
methanol and then loaded into the 
carousel of a fluorescence temperature 
cycler described elsewhere (23). For 
continuous monitoring of a single sam- 
ple, the carousel was positioned at 
maximal fluorescence and signals ac- 
quired every 200 ms. For multiple 
tubes, signals were obtained once each 
cycle by sequentially positioning the 
carousel at each tube for 100 ms. 



RESULTS 

Figure 1 illustrates the three differ- 
ent fluorescence techniques used for 
continuous monitoring of DNA ampli- 
fication. Figures 2, 3 and 4 demonstrate 
the application of these techniques for 
initial template quantification by fluo- 
rescence monitoring once each cycle. 
In Figure 2, the fluorescence of the ds- 
DNA-specific dye SYBR Green I is 
followed. A 1 0 7 — 1 0 s range of initial 
template concentration can be dis- 
cerned. When the data are normalized 
as the percent maximal fluorescence of 
each tube, 100 initial copies are clearly 
separated from 1 0 copies. However, the 
difference between I and 10 copies is 
marginal, and no difference is observed 
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between 0 and 1 average copies per 
tube. Nonspecific detection of unde- 
sired products after many cycles is a 
limitation of fluorescence monitoring 
of dsDNA. 

Specific fluorescence monitoring 
can be obtained with sequence-specific 
fluorescent probes. In Figure 3, ampli- 
fication is monitored using a dual-la- 
beled hydrolysis probe. The fluores- 
cence signal is expressed as a ratio of 
fluorescein to rhodamine fluorescence. 
Signal generation with 5'-exonuc!ease 
probes is dependent not only on DNA 
synthesis, but requires hybridization 
and hydrolysis between the fluo- 
rophores of the dual-labeled probe. Hy- 
drolysis reduces quenching of fluores- 
cein, and the fluorescence ratio of 
fluorescein-to-rhodamine emission in- 
creases. Whereas the fluorescence from 
dsDNA-specific dyes plateaus with ex- 
cess cycling, the signal from hydrolysis 
probes continues to increase after many 
cycles. Even though no net product is 
being synthesized, probe hybridization 
and hydrolysis continue to occur. In 
contrast to dsDNA dyes, no fluores- 
cence signal is generated in the absence 
of template. 

in Figure 4, amplification is moni- 
tored using adjacent hybridization 
probes and is expressed as a ratio of 
Cy5 to fluorescein fluorescence. One of 
the probes is labeled 3' with fluores- 
cein, and the other probe is labeled 5' 
with Cy5. When hybridized to accumu- 
lating product, the probes are separated 
by a 1-bp gap, and the Cy5-to-fluores- 
cein fluorescence ratio increases. The 
change in fluorescence ratio during hy- 
bridization is largely due to an increase 
in Cy5 fluorescence from resonance 
energy transfer (data not shown). In 
contrast to hydrolysis probes, the fluo- 
rescence signal of hybridization probes 
tends lo decrease with excessive cy- 
cling. No fluorescence signal is gener- 
ated in the absence of template. 

Sequence-specific probes have an 
even greater dynamic range for tem- 
plate quantification than do dsDNA 
dyes. As the template copy number de- 
creases below 10 3 , signal intensity de- 
creases because specific amplification 
efficiency decreases, but low copy 
numbers can still be quantified because 
the negative control signal is stable 
(Figures 3 and 4). Although multiple 



samples would need to be run to con- 
firm Poisson statistics, it appears that 
these specific techniques can discrimi- 
nate a single initial template copy from 
negative controls (compare 0 and 1 av- 
erage initial template copies in Figures 



too 



3 and 4). 

With each technique, the fluores- 
cence response is not strictly propor- 
tional to the amount of specific prod- 
uct. With SYBR Green I, two factors 
contribute to this nonlinearity. First, 




Cycle 



Figure 2. Fluorescence vs. cycle number plot of DNA amplification monitored with the dsDNA-spe- 
cific dye SYBR Green I. A 536-bp fragment of the human Ji-globin gene was amplified from 10 s (♦), 
10«(X), I0 7 (O), I0 6 («), 10 5 <+), 10 4 (D), 10J (•>, 10 2 («), 10(O), 1 (A) and 0(— ) average template 
copies in the presence of a 1: 10 000 dilution of SYBR Orccr. I. hath tcmpciaturc cycle was 28 a long 
<95°C maximum, 6TC minimum, 15 s at 72°C, average rale between temperatures 5.2°C/s) and 45 cy- 
cles were completed in 21 min. All samples were amplified simultaneously and monitored for 100 ms 
between seconds 5 and 10 of the extension phase. 1 he data an: normalized as a percentage of the differ- 
ence between minimum and maximum values for each tube (y-axis). 




Figure 3. Fluurescence ratio (fluurescein/rhodamine) vs. cycle number plot of DNA amplification 
monitored with a dual-labeled 5'-exonuclease hvdrolvsis probe. A 295-hp fragment of the human jl- 
actin gene was amplified from l0»O). ;0MX), I0 7 i ;:], If/iB). 10 5 (+). ;0 4 i~). Ii) 3 (#), l<P(»), 10 
(O), 1 (A) and 0 ( — ) average template copies in the presence of 0.2 p_M of the hydrolysis probe. Each 
temperature cycle was 26 s long (94°C maximum, 60 D C for 15 s, average rate between temperatures 
6.2°C/s| and 45 cycles were completed in under 20 min. Al! samples were amplified simultaneously and 
monitored for 100 ms between seconds 5 and 10 of the annealing/extension phase. 
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nonspecific amplification of alternative 
templates results in fluorescence unre- 
lated to specific product, particularly 
after many cycles (Figure 2). In addi- 
tion, when the fluorescence of purified 
DNA standards is measured, the re- 
sponse is only linear to 10-20 ng of 
DNA per reaction under the con- 
ditions used (data not shown). Higher 
concentrations of DNA show propor- 



tionally less fluorescence, presumably 
because the amount of SYBR Green 1 
becomes limiting. Higher concentra- 
tions of SYBR Green 1 than those used 
here (<1 :7000 dilution) inhibit amplifi- 
cation (data not shown). With hydroly- 
sis probes, the fluorescence signal con- 
tinues to increase after the plateau 
phase has been reached (Figure 3). 
With hybridization probes, the fluores- 



cence decreases during the plateau 
phase (Figure 4). Despite the nonltnear- 
ity of these fluorescence techniques, 
they are very useful for absolute quan- 
tification of initial template copy num- 
ber when fluorescence is measured for 
each amplification cycle (Figures 2-4). 

Because fluorescence depends on 
temperature, fluorescence is usually ac- 
quired only once per cycle at a constant 
temperature to monitor product yield. 
This eliminates any confounding effect 
of temperature on fluorescence. How- 
ever, interesting and useful information 
about hybridization can be obtained by 
monitoring fluorescence continuously 
throughout each temperature cycle. For 
example, fluorescence vs. temperature 
plots of amplification with SYBR 
Green 1 show the temperature depen- 
dence of strand status during DNA am- 
plification (Figure 5). Early cycles ap- 
pear identical, with a nonlinear increase 
in fluorescence at lower temperatures. 
As amplification proceeds, later cycles 
appear as rising loops between anneal- 
ing and dcnaluration temperatures that 
show significant hysteresis. By hystere- 
sis, we mean that the observed fluores- 
cence during heating is greater than thai 
during cooling. As the sample is heat- 
ed, fluorescence is high until denatura- 
tion occurs (apparent as a sharp drop in 
fluorescence). As the sample cools 
from denaturation to annealing temper- 
atures, fluorescence increases rapidly, 
apparently reflecting product-to-prod- 
uct annealing. Fluorescence also in- 
creases during extension while the tem- 
perature is held constant. 

Fluorescence vs. temperature plots 
of 5'-exonuclease probes confirm that 
probe hydrolysis (not hybridization) is 
the mechanism of signal generation. In 
Figure 6, a fluorescence vs. tempera- 
ture plot is shown for amplification 
with the (J-actin exonucleasc probe. 
During each cycle, the fluorescence ra- 
tio varies linearly with temperature and 
there is little, if any, hysteresis. Al- 
though the fluorescence of both fluo- 
rescein and rhodamine decreases with 
increasing temperature (data not 
shown), the rate of change is greater for 
rhodamine, resulting in an increasing 
ratio with increasing temperature. The 
fluorescence ratio increases during the 
annealing/extension phase at a constant 
temperature when probe hydrolysis is 
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Figure 4. Fluorescence ratio (Cy5/fluorescein) vs. cycle number plot of DNA amplification moni- 
tored with 3'-fluureseein ami 5'-Cy5 adjacent hybridization probes. A 1 10-bp fragmentof the human 
(i-globin gene was amplified from 10'(4), 10 S (X). 10 7 <», I0 6 (»), 10* (+), lO^c), 3(P(»), I0 2 (*l, 
10 (O), l (A) and 0 ( — ) average template copies in the presence of 0,2 pM of each hybridization probe, 
Each temperature cycle was 30 s long (94°C maximum, 59 °C fur 20 s, uveraice rale between tempera- 
ture 7.0°C » and 45 cycles wer completed in under 23 mil VII sanif » e amplified simultaneous- 
ly and monitored for 100 ms between seconds 12 and 17 of the annealing/extension phase. 
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Figure S. Continuous fluorescence vs. temperature plot of DN A amplification with the dsDN A-spe- 
cific dye SYBR Green I. A 536-bp fragment of the human (i-globin gene was amplified from 25 ng of 
genomic DNA and a ! ;10000 dilution of SYBR Green [. Temperature cycling conditions are given in 
Figure 2. Cycles 15-40 are shown. Product denaturation is evi Jem between 90° and 93°C, and significant 
product-to-product annealing is observed during cooling. 
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presumed to occur. In contrast, with ad- 
jacent hybridization probes, the fluo- 
rescence signal is dependent only on 
hybridization, not hydrolysis. Fluores- 
cence vs. temperature plots of amplifi- 
cation with hybridization probes show 
obvious hysteresis (Figure 7). During 
heating to product denaturation temper- 
atures, the probes appear to dissociate 
between 65° and 75°C, returning the 
fluorescence ratio to background levels. 
These temperature-dependent hybrid- 
ization effects are not apparent with the 
5'-exonuclease probe (Figure 6). 



DISCUSSION 

Three different chemistries for fluo- 
rescent monitoring of DNA amplifica- 
tion have been studied: a dsDNA-spe- 
cific dye, a dual-labeled exonuclease 
hydrolysis probe and adjacent hybri- 
dization probes. The hydrolysis and 
hybridization probes are sequence spe- 
cific. Hydrolysis probes require one hy- 
bridization event for signal generation, 
whereas hybridization probes require 
two independent hybridizations. Figure 
2 schematically compares and contrasts 
the three fluorescence monitoring 
systems. 

dsDNA-specific dyes such as ethidi- 
um bromide (3,4,22) or SYBR Green I 
can be used as generic indicators of am- 
plification. We used SYBR Green 1 in- 
stead of ethidium bromide because it 
has an excitation maximum near fluo- 
rescein and, in our hands, gave a 
stronger signal with DNA than excita- 
tion of ethidium bromide with visible 
light. These dyes depend on the speci- 
ficity inherent in the amplification pri- 
mers. Currently, nonspecific amplifica- 
tion after many cycles limits detection 
sensitivity to about 100 initial template 
copies (Figure 2, see also Reference 4). 
Improvements in amplification speci- 
ficity could remove this limitation. 

When low-copy-number detection 
and quantification are needed, addition- 
al specificity can be provided by se- 
quence-specific fluorescent probes. 
Hydrolysis of a dual-labeled exonucle- 
ase probe is sequence specific (8,9). 
However, the design, synthesis and pu- 
rification of dual-fabeled hydrolysis 
probes require care. Hybridization is a 
necessary but not sufficient condition 



for hydrolysis; all probes are not 
cleaved efficiently. Synthesis of the 
dual-labeled probes involves manual 
addition of the rhodamine label, and at 
least one stage of high-pressure liquid 
chromatography is required for purifi- 
cation. In addition, the signal generated 



by exonuclease probes is cumulative 
and only indirectly related to product 
concentration. Hence, the fluorescence 
signal continues to increase even after 
the amount of product has reached a 
plateau (Figures 3 and 6). 

Instead of depending on hydrolysis 
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Figure 6. Continuous fluorescence (fluorescein/rhixtamine) vs. temperature plot of DNA amplifi- 
cation monitored with a dual-labeled 5'-e»onucicase hydrolysis probe. A 295-bp fragment of the hu- 
man P-actin gene was amplified from 25 ng of genomic DNA. Temperature cycling conditions arc given 
in Figure 3. Cycles 20-45 are shown. The dependence of fluorescence on temperature is linear each cy- 
cle, and no hybridization effect is apparent. 
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Figure 7. Continuous fluorescence (Cy5/fluorescein) vs. temperature plot of DNA amplification 
monitored with adjacent hybridization probes. A 1 10-bp fragment of the human (5-globin gene was 
amplified from 25 ng of genomic DNA. Temperature cycling conditions are given in Figure 4. Cycles 
20-40 are shown. The hybridization probes appear to melt off the target DNA sequence each cycle be- 
tween 65° and 75°C. 
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of a dual-labeled probe, hybridization 
can be detected directly through reso- 
nance energy transfer as outlined by 
Morrison (10). By using two adjacent 
probes labeled separately with fluores- 
cein and Cy5, energy transfer to Cy5 
increases with product accumulation 
(Figures 4 and 7). In contrast to exonu- 
clease probes, probe synthesis is rela- 
tively simple because amidites for both 
fluorescein and Cy5 are available for 
direct incorporation during automated 
synthesis. Signal generation requires 
two independent hybridization events 
to occur each cycle and is more directly 
related to product concentration than 
cumulative hydrolysis probes. How- 
ever, after many cycles, the fluores- 
cence from hybridization probes de- 
creases (Figure 4), possibly because of 
probe consumption by exonuclease 
hydrolysis. 

We are not aware of prior reports 
using fluorescein and Cy5 as a reso- 
nance energy transfer pair, although 
phycocrythnn and Cy7™ (Amcrsham 
International, Little Chalfont, Bucks, 
England, UK) (with similar spectral 
separation) have been used as a bright 
tandem dye in immunofluorescence 
(13). With fluorescein and Cy5, the 
spectral overlap is small, but the molar 
absorption coefficient and absorption 
wavelengths of Cy5 are high. All three 
factors (overlap, absorptivity and wave- 
length) contribute to the overlap inte- 
gral that determines energy transfer 
rates (24). Cy5 also has low absorbance 
at fluorescein excitation wavelengths 
(11), reducing direct excitation of the 
acceptor. 

Many aspects of hydrolysis and hy- 
bridization probes remain to be studied. 
The effects of probe length, melting 
temperature and concentration, dis- 
tance between hybridization probes, 
distance to primers, temperature pro- 
files, acquisition point within a cycle 
and type of polymerase have not been 
systematically optimized. 

DNA amplification is extensively 
used but not rigorously understood. 
Continuous fluorescence monitoring 
provides an instantaneous window into 
the amplification process. For example, 
product denaturation occurs in less than 
1 s (20,22), yet most protocols call for 
10 s to 1 min of denaturation. By moni- 
toring with dsDNA-specific dyes, prod- 



uct denaturation can be observed dur- 
ing each amplification cycle (Figure 5), 
a convincing demonstration that most 
denaturation protocols are excessive. 
To give another example, many causes 
of the "plateau effect" have been pro- 
posed, but little data are available to 
distinguish between alternatives. Fig- 
ure 5 shows that product-to-product an- 
nealing is very rapid. In fact, during lat- 
er cycles of amplification, a majority of 
product anneals to itself each cycle dur- 
ing cooling before the primer annealing 
temperature has been reached. This 
rapid reannealing is observed with 
cooling rates of 5°-10°C/s, characteris- 
tic of rapid cycling. Product reanneal- 
ing with slower, conventional tempera- 
ture cyclers would be greater. 
Product-to-product annealing appears 
to be a major, and perhaps the sole, 
cause of the "plateau effect". 

As previously suggested (22), con- 
tinuous fluorescence monitoring within 
each temperature cycle can be used to 
control temperature cycling parame- 
ters. With dsDNA-specific dyes, ampli- 
fication can be stopped after a certain 
amount of product is synthesized, thus 
avoiding overamplification of alterna- 
tive templates. The extension phase of 
each cycle needs to be continued only 
as long as fluorescence increases. Prod- 
uct denaturation can be assured each 
cycle by increasing the temperature un- 
til the fluorescence reaches baseline. 
This kind of fluorescence feedback 
should allow very rapid optimization of 
new assays. Limiting the time that 
product is exposed to denaturation tem- 
peratures may also be useful for the 
amplification of long products ( 1 ,2). 

Additional uses of continuous moni- 
toring with fluorescent dyes can be en- 
visioned. For example, with fine tem- 
perature control and dsDNA-specific 
dyes, product purity could be estimated 
by melting curves. With rapid tempera- 
ture control, absolute product concen- 
tration could be determined by product- 
to-product annealing kinetics. The only 
requirements are fluorescence monitor- 
ing, the ability to change temperatures 
rapidly and strict intra-sample tempera- 
ture homogeneity. Aspects of instru- 
ment design are discussed elsewhere 
(23). 

Conventional end-point analysis of 
DNA amplification by gel electro- 
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phoresis identifies product size and es- 
timates purity. However, because am- 
plification is at first stochastic, then ex- 
ponential, and finally stagnant, the 
utility of end-point analysis is limited 
for quantification. Fluorescence moni- 
toring every cycle during DNA amplifi- 
cation is an extraordinarily powerful 
technique for quantification. With sim- 
ple instrumentation and fluorescent 
monitoring each cycle, sequence-spe- 
cific detection and quantification can 
be achieved in 5-20 min after tempera- 
ture cycling has begun. Although the fi- 
nal fluorescence signal is decreased 
when low copy numbers are amplified, 
quantification between 0 and 1000 ini- 
tial template copies appears possible 
(Figures 3 and 4). These techniques 
should be particularly useful in assays 
where rapid quantification is desired, 
such as in the amplification of clinical 
serum viruses. 
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